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Abstract WC lIavc investigated scattcrill,g  ~)xcq)mtics of aggregates, cIn])hasizing  the size

of c.ollstitllcllt  M~c)IIoIl)crs coInl)aIablc  with tllc wavclcl]gtl] o f  v i s i b l e  light) in orclm t o

lIIodcl tllc scaticri]]g ])ropcrtics  of col Ilctary  dllst. ~’llis has dificrclltiatccl  our study froln

])rcvious ilivcstigaticms  of aggregates ill wllic}l tllc sixc of tllc lnoIlonlcrs  was xIluclI sxnallcr

tllall  tllc wavclcIlgtll.  F o r  agglcgatcs, tllc absorption cross scctiolls  tend to have lCSS

stcc~~ slopes towarcls  lollgcr wavclcllgt,h, typically, C. ~~ w ~-] . Collscqucljtly  aggregates of

absolbillg  lnatcrial arc cooler than the iIlcliviclual lnonoIncrs,  l)ccausc  tllc aggregates racliatc

IIlorc cflic,iclltly ill tllc iIlfrarcd. ‘1’llc ]Jolarizatio]l  is scnlsitivc to tl]c slla~)c aIlcl size of tllc

Cm]stitucllt ]nollo]nms as wc]l as tc) the fiIIc stlmct, urc of tllc a,ggrcgatc. Generally aggregates

of IIigllly absorbing lna,tcrial ~)roclucc St,long ~)ositivc polarixa.tiol)  around 0], = 90°, but 110

IIcgativc  ])ola,rizatioll IICaX the backwarcl clilcctic)n. III contrast, silicate aggregates arc t}lc

II)ajc)r source of stroxlg negative polarization at larger scattcriIlg m]glcs.  A lnixt,urc of bot}l

Calbollaccous  alId silicate aggrcga,t,cs  xcslllts iIl tL l)olaIizatioI)  curve wllicll largdy Inatcllcs

tllc observed Ilcgativc  ~jolarizatic)ll at 01, _< 20° aIld tllc maximuln  peak amullcl  (?P =- 90°

fox’ colIlct ary Clust . ~’lIc salnc  lnixtll:’c  also gives a rcasoIlablc  rise of t})c ])hasc fuIlctioI1

~oward t])c! backward c]il’cctioll,  w}lic]l  is silrlilar to tl)c l)hasc function  of coInctary  dust.

‘1’1111s,  WC fiIld t]lat  aggregates with col]stitucxlt  moIlomcrs a fcw tclltlls of a InicmIl in

size aIld with ixltcrlnccliatc  porosity (N 0.6), similar to choudritic  aggregate inteq)landary

C!llst ~)articlcs, are a lcasonz LtJlc aIlalog for Colnctal”y  dust.

Keywords :  1’olarizatioIl; Scattcrillg; CoIncts:  General
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To iI]tcrprct  rmlotc scllsiIlg obscrvatioxls of astroxJoxIlical dust, iIlcludiIlg  dust iIl

coIIlc!ts  or ill the disks surI’ouIJdil”Jg youIIg si, ars, aII ulldm’staIlc]iIlg of t}lc scattcriIlg prop-

erties  of sIJIall ])alticlcs is IIccdcd.

~olnc!ts arc obsclvcd UIICICI a Variety of SC. ZLttCriIlg  gcolIlctlics. ‘J’}Ic obscrvccl quaIJtities

illcludc  tllcrlnal clIlissioll  and i t s  s~)cc.trd clJcIgy

fullctioll,  aIId polaIizatioI1.  SiIlcc  tllc clust coma is

distribution, geometric albcclo, ~)hasc

o]>tical]y  thin,  the observed quantities

ca~l bc rclatccl  t o  lJarticlc scattcriIlg  ~)ro~)crtics. ‘J’hc thcrmd clnission  has been USCCI to

cstilnate  tllc size clistributioIl  aIld tllc rate  of dust lnass 10ss fro]n tllc Iluclcus. ChaIlgcs  ill

tl)c clust scattcriIlg ])ropcltics witl~ ])ositioll  ill the c.oII)a aIc oftc]l iIltcrpIctccl  in tcmns o f

cl IaIIgcs ill tllc size distribution, duc to fraglIlclltatioIl, vc]ocity  soltix)g, or subli IIlatioIl of

vo]ati]c  IIla]lt]cs.  SUCII  illtcr~)rctatioll  rcquixcs klJow]cdgc of basic scattc]iIg ])ropcrtics  as

ZL fuIJctioIl  of }mrticlc  size , structure, and cc)ln~)ositioll.

Natural paltiCICS C)ftC!lJ have aIl aggI”cgatc  ShCtUIC, CSpCCidly  thOSC t]lat  haVC grown

by coagulation (Mcaki]l  & 1)01111  1988,  PraburaIrl  & GOI’CC 19’35). 1’articles “growx))’ ill

tllc cs}]]l])iltcr  by diffusion ]i]]litcd a~~l”C!gatiOIJ  or cluster- cluster aggrcgatioIl  2Llso exhibit

a l) OIWUS aggregate structure (e.g. Kozasa  ct al. 1992,  1 993). ~OIIICtW’y dLISt particles

aIc likely to }lavc ;LI1 aggregate st]ucturc, based 011 t]]c InoIl)]Io]ogy of iIltcI’pht  Ilctary dmt

])articlcs  (lI)Ps) Collcctlccl  in tllc stratos]hcrc (l IIOWI1lCC 1  985). ‘1’IIc  class of chondritic

]~OIOLls l])]>s arc t]loug]lt  to bc of co] Ilctary  oligill  bccamc of t]lcir  ~lllcq~li]~l}.)Izltccl IniIlcra]

ll~ixt[uc,  ]Jigh carbo:]  colltc]]t, aIId relatively lJigh atInos])llclic  cxltry velocities. These
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aggl.cgatc  ])articles  arc typically COIII])OSC[l  of grains a fcw tc]Iths  of a Inicron in diamckcr.

Modcni  coln])uting  powm ofi”crs tllc possibility to compute the scattcrixlg  pro]) cri;ies

of lloll-s])llcrical  ])articlcs  by a varidy of tcchIliqucs. Most authors who have studiccl the

scattcri]lg by aggregate particles crcatc ag~;rcgatcs  composccl of compact mlits,  hcrcaftcr

“lnonomcrs” , that arc small coml)arcd  to visual wavclcngthso  Yet West (1 991) allcl Zcd ct

al. (1 993) have shovul that lnoIIoIIIcr  size stroIlgly influcIlccs  t}lc scattering by all aggregi~te

])articlc.

Clollscqumt]y,  wc have constructed aggregate particles as clusters of Inono]ncm which

alc silnilar  ill size to tllc grains ill chollclritic  a g g r e g a t e  11)1’s. SiIlcc  scattering ~)ropcr-

tics also dc]JcIld OII lmrticlc  s]lapc,  wc have cxaInillccl  two very diffcrcllt  shapes for our

InoIIomcrs,  s~)hcrcs  allcl tctrahcclra.  11~ this ~)apcr, wc present CM results for the cross sec-

tions,  tclnpclat,ulc,  pljase  fuxlctioll, aIlcl ~)olarizatioll  of aggregate structures aIld coInparc

tllcln wit]] tllc remote Scnsillg obscmwtioIls  of cometary clust.
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2 Agg]sc{;atrcs  ~llCi the DDA Method

2.] Aggrcga (c Inodc] of cometary dLIst

l“ollowil)g  our astrophysical argunmlts iIl the ~Jrcccding scctioll,  wc rcprcscnt cometary

dust ]>artic.]cs as aggmgatcs  of xnollc)mcrs. MoIIomcm iIl OIIC aggregate arc furt]lcr  assumed

identical ixl size, sllapc  and coI)stitucllt  mai,cria]. We llavc chosen to study  two groups of

aggrcgat,cs,  I~alncly, agglcgatcs consisting  of 4 moIIomcrs ancl of 10 InonoIncrs  ( F i g u r e

1).  111 tllc foI’IIlcI group, 3 II1OI1OIIICIS  arc positio]lccl orthogonally with regard to the

4th IIlollolncr  (’(ccntcl)’).  111 the latcl, oI~c lnol~olncr is positicn~cc{ at tllc ccntcr and the

otllcr  llillc arc locatccl  arom)d it IIIOIC or ICSS rallcloInly. 111 e.aclI group, wc further let the

distwlccs  lJCLWCCII surroul)clin,g 11101  IOInCIS  mld tllc cc]ltlal OIIC vary so that “Ovcrlappillg’),

C“J’ouclling” mid ‘( Sc]xuatcd” cases caIl bc iclclltificd to roughly rc]wcscnt  co]nctary  dust

]~articlcs  with dif~clcIlt ])orositics. The iIlclividual moIIoIncm may also take the shape of

citl~cl a s])licrc or a tctra}lcclron. This will enable us to examine tllc possible shape effects

of tllc coustitucnt IIloIIomcrs, !l’}Ic Clloicc of tctrahcdIoIl as ollc ~jossiblc Incn Iolncr sllapc  is

hasccl on the collsidcratiolls  that SIICII a sl~a])c mndcrs  tllc largest dcviatic)ll frmn a COIIVCX

ICgII1a I slIapc like a spl]crc allcl tc]lds to introduce IX1OIC ilrcgularity W1lCII Inonomcrs  arc

~Jackccl tc)gctllcr wit]l IaIIdC)III individual oriclltatiolls  ill alI aggrcgat,c.

TIIC constituent ])articlcs  iIl agglcgatc  11)1’s  tyl)ically  lIavc dimensions a fcw tcnt]ls

o f  a IIliclc)ll. q’l)clcforc,  w c  }Iavc selcctcd  r,,, = 0.25/1711. At CJUI’ mfcrcncc  wavelength of

0.6/17JL  fc)r tl]c ])olalizatioll  calculatio]ls,  this raclius gives a size ]xiIaInctcr z,,, = 2.62, Iargc

cIlougl I to bc WCI1 away flolrl R,aylcigh  scattcliIl~;. SCHIIC calculations were also pcrformcci
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for r,,, =- 0.50p7n. Here, wc arc limitccl by the memory size fol storillg  the dilJolc array.

Figure 1

2.2 ‘1’JJc I)I)A A4cthod

T h e  discrctc  dipole ap~Jroximatioll (DI)A) Incthocl is OI)C of several cliscretization

lnctl]ocls  (Gocclcckc  and O’l~ricll 1988,  l)raille  1988, IIagc ancl GrccxIlmrg 1990)  for solving

scattering l)roblclns  ill the prcscmcc  of a target with arbitrary geolnetry.  It is a particular

ill)])]cll~clltzLtioll  of the Inethocl c~f moments (}Iamingtcm  1968) - a general prcscri])tion

fc)r cliscrctizing  tllc ilitcgral  forln of Maxwell’s ccluatio]ls. Since Purcell and Pcnncypackcr

[1973] first  applied it to astrophysical prc,l,lc,,,s  two clccadcs ago, tl,c DDA ~ncthocl  has been

illll~rcwcc] grcat]y  by ICSC:LI’CIICI%  (]>x’ainc 1988,  c;oocllnaIl  ct a]. 1 ggl, l~rail~c allcl ~OOC{l IMLll

1993, I)rail)c ZLIICl F]atau 1 994)  M](1 g;aillc!cl popularity amoxlg scicmtists CIUC to its clarity

ix] ]jllysics  prillciplc  al~cl a free illll)lcll~cl~tatiorl of it ill FOIU1lI{,AN  (DI)SCAT p a c k a g e ,

lhaillc  and Flatau 1994). J~asically the I)I)A ]ncthod  works by using a finite array  of

]Jc)laxizablc  points  to a]~proxilnatc the colltilnlulll  ta]gct.  Tlicsc ])oillts thus acquire clipolc

Illcnnellts in rcspollsc  to tl~c loca l  cdcc.tric flc,lcls and illtcract w i t h  oxlc allothm  tl)rougll

tllcir electric ficlcls. It has tllc ability to coln])utc  tllc scattering ])ropcrtics  of objects with

a r b i t r a r y  gcc)lnctry if tllc llcccssary  ]lu]llljcr of clipolcs ale usccl. The nmnbcx of dipoles

IICCCIC(l  clcpcIIcls  C)I1 the  accuracy  rccluircd.  ln ])riIlcil)lc,  DDA call bc arguab]y  applic,cl to

all ol)jcct c)f ally ty~w. in practice, its a])plicability  is however lilnitcd  by the capacity of

coln~mtillg resources axld the nature of the problcrn. !l’hcse  issues will bc further addressed
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in tile following paragraphs.

2.3 ~oln~] u ta tioxta 1 Consiclcra  tion

I]i our research work, wc usc tllc I) DSCAT code (vcrsioIl  4b.1 , Drainc  alld Flatau

1 994), clcvcloped by L)rainc and his collaborators, to calculate scattering properties of

agglcgatcs on sLl~)crcc)IIl])  lltcrs. III its origiual form, t h e  D1)S(2AT  COC]C has bCCIl WC]l

tullcd  to lull  011 w o r k s t a t i o n s .  WllclI  clnployillg  it OII sll])crcolll~)Lltcrs,  C,ustolnizatioll is

Ilcc.cssary  in order to utilize tllc advarltagcs offcrccl by t}lc vector and parallel arcllitccturcs

of ~Yay macllincs. CJcncra.lly,  DDA calculations require choices of the locatiolls  a~lcl the

l)olarizabilitics  of tllc dil~olc points  wllicll rcprcscni, tllc objcc.ts.  Auxiliary codes were thus

dcwclol)cd to prepare the aggregate structul.cs  ill our study as di~)olc arrays  residing ox~ a

cubic  la t t i ce ,  w]lich can bc fcd to tllc ]] DS~Arl’ COCIC as input, s. !l’hc I,atticc ])ispcrsioll

1{.clatioll (l,l)It) method is sclcctcd  as tllc clcfault  to assign the cli])olc polarizabilitics,

bccausc  it has bccII SI1OWI1 to give the best llull~crical rcsu]ts  (J)rainc  allcl Flatau,  1994).

W C also ]nodificxl the cnrtput format of the DI)S~AT COCIC so that the complex amplitude

qua]ltitics  alc savccl illstcad  of tllc illtcllsity  as ill its original  forln. 111 cloilg  so, wc gaill tllc

flcxil)ility  to obtain  a:ld study )I]orc types of scattcri)lg  related quwltitics.  ‘J’his bCCOII]CS

csl)ccizilly  llcl~)ful wllc]l dealing with tllc avcla.gillg over lnally ]Jalticlc  oricntatimls.

‘1’llmc  arc tum criteria for validity of tllc l)I)A lncthod:  (1) tllc wave ~Jhasc shift

p = Im [kd over  the  distal~cc  d bctwccll  llcig}lboring  c{ipolcs s]]ould bc less than  1, (2) d

ll~ust bc s]tlall CHlough  to clcscribc  tllc objcc.t sl~apc satisfactorily. A detailed colll~)arison

s t u d y  by ])lail~c  a]ld F]at, au [1994] clcxncn)stlatcd  that scat ter ing  a.rld absor~)tioll  c r o s s
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scctiolls  ca,xl bc calculated by tlie DDA rnct,llod to accuracies of a fcw pcrcellt  for objects

wit]l [ml < 2, providccl that the criteria clahoratccl  above arc satisfied. Since  the D D A

mqthocl  C1OCX not give preferential treatment to target  geometry, their conclusion based on

tl]c cxamina.tioll  of sing]c alld double compact spheres shall serve WC1l as a guiclclillc in the

l)DA rclatccl  research work.

Our cxl)cricnce with tile I)I)S~AT COC]C  further shows that a strict corn~)liancc wj.th

tllcsc criteria wit]lout  rcgarcl  to the resultant quantities may either  lcacl to cmo]lcous

conclusions  or wasic  of l)rccious  comlmting  msc)urccs. FOX cxa]n])lc,  tllc Q cfficicnlcy  factors

alc gcllcrally  lnucll less scllsitivc  to tllosc  criteria, and it is usually sufflcicllt  to let tllc value

of p bc around 1 or possibly bigger. 011 the contrary, when dcalillg  with the polarizatioll

~JrcJblcIIIs,  sillcc  tllc a,l]g~llar-clcl~clldcllt  sc.attclillg  mn~)lituclcs,  cx~~ccially  in near b a c k w a r d

dilcctimls, alc slnall ill IIlagllituclc aIIcl vcny Scllsitivc  to tllc fIILC structure of tllc aggregate,

ollc s]]ould dcIIlaIlcl p to bc amul~cl 0.5 or less.

W C can cstilnate  the typical number of dipo]cs Ilccdcd to obtain a reliable cornpu-

tatio]lal  result using t}lc IIDSCA’I’ COCIC. ‘1’alcc all iIlclividual s])llcxical xnc)Ilolncr  i n  our

ag;grcgatcs as all

VOIUII]C is ATT,, d~,

leads to

Cxaln])lc.  Wllcll  rcprcscxltccl  ill 3-climcllsicmal  a r r a y  o f  N,,, clipolcs, its

w}licll lnust  bc cqua] to 47rr~l  /3, wl]cm r,,t is the lno Ilolncr raclius. ‘J’his

~,,, ,, !!(!??)3 (1)

Sillcc  d is lclatecl  to p via d = p/(17711k)  and wavcxNIInbcr  k =: 27r /A, ollc furtllc.r l~as
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N,,, ~n, 17711)3= lo40(-—
pA

(2)

Ifollcis illtcrcstcd illscattcri]lg l)roljcrticsat light wavclcl]gtll~=- 0.6~f?7z zillclthc  1[latcrial

is clmscl~ as highly absorbing glassy carbon  for which m == 1.88 + 0.71 i, Nml is cstimatccl

to bc 611 for p = 1 ELt r,,, == 0.25/1?72. lIcIlcc ill this typical case, 600 dipoles pcr mouomcr

a]c tllc lnillillluln  for Colnput,illg  the cfTicicllcy factors. A silllilar  application of Eq.  (2) for

p = -0.5 gives 4885  dipoles per monomm as required for the ])olarization  czLlculations.

‘1’able 1 allcl 2

IJistcd  ill ‘1’ablcs 1 and 2 am a fcw ])aralnctcrs  clcscribil~g t}lcsc  two groulm  of aggre-

gates. &~utions  are llccdccl wllcll rcfcrlillg  to tllc ~)ormitics listed hcm. Usually aggregates

arc dcscnibccl  ill tcrlrls of porosity, IJ =- 1 -- V1, /V8 wllcre VI, is the volulne of tllc lnatc-

rial ill the aggregate al)cl v~ is tllc voluYnc of tllc s])llcrc cllclosing  the aggregate.  This

col]ccl)t  ]n:Lkcs sense WIICII the lnatclial  is Fdirly ulliforlnly  distributed within tllc volulnc

Cllclosccl  by the s~)hcrc. 111 a very filamentary particle, where tllc xnatcrial is not sprca,cl

out unifomdy  wit]lill t}lc  CI1 C 1 O S C C1 volu]nc, tllc collccl)t  hrczLks down. l,igllt illtcractioll

oc.cll]s oll a scale cmn]xwablc to the wavclcl]gtll  allcl,  if x,,, __> 1, tllc ]igllt interacts with tllc

illdividua]  solid Inol]omcrs. For our aggregate of 10 Inoucmcrs, it is Icasollablc to dcfiI~c

tllc to ta l  voluInc  of tllc aggrcg:Ltc COInlmCCl to that of a circulnscribccl  s1)IIc]c, and tl~c

abc)vc dcflnitioll  of ~)orosity l~lakcs SC]lSC.

111 tllc Curlcllt  study, wc arc prilllarily illtcrcstcd ill t}lc scattclix)g  pro~)crtics  o f  ag-
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grcgatcs  rzuldmnly oricntccl  in space. Ill its original form, tllc DI)SCArr COCIC allows for

avclagillg  over ralldoln  oricl~t at ions. IIowcvcr  it is useful oldy wllcn tllc computation of

the!  total avcmgc  can k WC1l fitted illto a sillglc batch queue o]] a su])crcomputer,  w h i c h ,

ill ]xactice, always has an upper lilnit  of ~,1’U tixxlc to c]lsum the fairllcss  alnollg cliffcrent

users .  As colnputation bccolnes  CPU tirnc i]ltcl)sivc  as in our stucly, it is xlot poss ible

to llavc the total average coln~}lctcd  within  o]~c sing]c batch clucue.  mlcrc  is a I]ccd to

scl]aratc  the calculatioll of scattering pro{)  crtim  ill silglc oricntatiox)  a]ld the avcrag; ng

over lna~ly different orientations. Wc, thus, modified part  of tllc DDA COCIC and choose the

outl)ut  to bc all four com])lcx  am]ditucles  of tllc scattcrirlg  matrix. ‘1’llc average is furt}lcr

CIC)IIC by a fcw auxiliary codes. II] doing so, wc l~ot o]lly, ill a way, ovcrcolne  the restriction

of lilnitccl-time batch queue, hut also gain ccrt, aill bcllcfits  of ~Jarallclism  as ofkrcd ill xllocl-

Cl”ll sLl])c>I’cc)lll  ])lltcls. It is possible allc] adVELIltZi~C!OUS  to calculate scattcnil,g  ~Jro~~crtics of

scvclal single Oriclltations  silllllltz~llcollsl.y, cacll c)f wl]icll is 011 a cliffcrcllt ~)1’OCCSSOr. ~~ivcll

tllc ll)lllti-~~lc)ccssc)r  arcllitccturc o f  IIIOCICII] slll~crcollllJlltcrs,  suc}~ all a~q)roacll dcfillitcly

iln]mcwcs  t}lc pcrforlnallce  on citllcr tllc spcccl or tllc size of tllc problcm  at llaIIcl.

l’ollowil]g tllc I> I) SCA!l’ code’s llotaticjIl, a ~)articlc’s  s])atia] oriclltatioI1  i s  mliqucly

clctcr:lli)lccl  by tllrcc rotatioxl aIIglcs: /jll d, @. ‘1’lIc polar allgjcs  0 zLIld ~) s])cc,ify tl~e d i r e c t i o n

of tllc ])a,ltic]c’s  ]) I”i Ilcipal axis ill the ~Jab  FraInc. The object is thcll assumccl to bc rotatccl

al’c)ullcl  this axis by all al]g]e ~. our basic assulll~)tioll ill tl]c currcllt  study  is t}lat  a,ggrcgatc,s

ill s~)acc alc raI]cloIxlly  oriclltccl  ancl scattcrillg o f  ]if;llt by cacll  aggrcgat,e  is  illdc~)cllclcllt

c)f that c)f otllcrs.  Following the ~}racticc  c)f the autl)c)rs of tllc DDS~Aq’  COCIC, wc let tllc
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saIIIplc ])oints bc clistributccl  unifor]n]  y iIl the range of [0, 360) for both  /3 and ~, and [--1, 1]

for COS(6).  Wc use tuplc  (72P, 720,  724) to clcllotc that there arc np angles chosen for 0, rlg

for O ancl n+ for ~.
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3 Moclelling Aggregates

3.1 !l’hc Cross sections

Tllc wavc]cngth  clcpcndcucc  of the absol])tioll  crcns section is tllc basic quantity for

com]mting  the tclnpcrature  of slnall particlcx,  whether cometary or illtcq>la.netary  clust it]

tl]c solar radiation field or dust ill circulnstellar  disks. !l’hc absorption cross section is alsc)

]lcccssary  to relate the obscrwccl  therlnal  flux to tllc Inass of clnittillg dust.

Figure 2

1 loth  1111’s  and comet dust ale calbolj-ric]l and low ill albcclo. Thus, WC usccl the

w~lvclcllgtll-clcl) cllclcllt  rcfra.ctivc illcliccs of  g lassy  c.arbo]l f]’olll F,doh ( 1 9 83)  plottccl  in

}“igulc 2. WC have computed  cross scctio]ls  for 10-xncmolner agglcgatcs  at ]noIloIr]cr size

?’7,,  ~ o.25p?”n and o.5/L7)”t. l’rcsmltcd  ill Figure 3 (r,,, =- 0.25~17rL)  arlcl Figure  4 (T,,,  =- 0.5p?72)

a r c  tllc wavcle.ngt]l  Clcpclldcllt WLlucs o f  tllc CIOSS scctic)us  (absclr~ltion,  sc.attclillg  al~cl

cxtillctiml)  ~Jcr volu]nc,  i. e., C’O~S/l’  ( }L77Z  - 1 ), c~C~/V ( ~lml,- ] ), all(l ~~~rt/v ( p~l-l ) )

for aggregates in a single spatial oricl~tatioll, assu]ning the light is coming flo]ll  the bottom

ill ]“igure 1. ‘.’hc values for a sillglc splJcre and sillglc tctrahcclroll  of size equal to that

of lllO1lOlllCrs  in tllc aggregates arc also ~)lottcd for cc)lll])arison. q’llc values for tllc single

tctrahcc]ro]l  were also obtained  usil~g tl)c l) I) ScA’1’ COCIC by avcragiJlg  over (8,9, 32) s~)atii~l

oriel)tatiolls.  q’}lc sillg]c tctra]lcdroll  was rcImcsclltcd  by 6’73 c]ipoles at ~ ~ 3}17?2  zulcl ] 072G

cli~x~lcs at ~ < 3pn-L, to CIMUIC p = lmlkd < 1 at both  T,,, =. 0.25~L7TL ELI](1 r,l, =. 0,5/f7n.  TIJC

va]ucs for a silglc splIcrc  were  talc.ulatcd by a stal~c{ard  Mic COCIC. All c.olrl])utecl WLIUCS by
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the DDS~A’1’ code arc mprcscntcd  as ]JIUS signs.

l“igurc 3 and 4

‘~hc asyll”ll)totiC va]ucs of C. b. /v, G. C-/v, ~CT~ /v’ for caCll a~~rc@tc  as well as the

sillglc tctrahcdrcnl  at A == O, were obtained by counting tllc nutnbcr  of di~)olcs in the volume

and tllc number of dipoles projcctcd onto the pla]]e pcr])clldicular  to the inciclc)lt light, and

takiug  into  account the fact that, at A == O, Qab, == 1, Q,c~ == I a]ld Q~~t =- Q~b, -i-Q,c~ == 2.

‘1’llcsc values arc usccl to cxtra~jolatc  t,hc va]ucs of CIOSS scctiol)s  for A s 1~/7n.

For t}lc aggregates SIIC)WI1  ill Figure 3 iuld 4, tllc validity criterion p s 1 is satisfied

at A > 1 pTtz os 2}L1n rcspcctivcly. ‘] ’c? assure t}lat  the cross scctiolm at ~ ~ 2~L?n, incluc~ing

t]losc  by cxtrapolatioll  at A s 1 pm, wc a.ccuratc c]lough for our current discussion, wc

have Illaclc onc ]norc CI’U-cx})c:lsivc calculation for tllc 10-IIlonomcr “Touchil@’ aggregate

o f  sl)llcrical  mollomcrs  at A =- 0.6jLT7~  al]cl r,r~ =- 0.2~pm  using about 5100 dipoles pcI

lIlcMlolIlm. 11] this case, p == Imlkd =. 0.4934 < 1. T}]csc  results arc ~)lc)ttccl as triauglcs  ill

Figul”c 3, allcl tllc Yclativc diffcrcllccs  arc slnallcr  than 1 YO colnparcd  with tllc ccnrcspo]lclillg

cxtra~)olatcd  values. ‘1’his reflects tllc gcllcral  i))scnsitivity  of Q cficicl~cy  factors to lig}lt

wavelength at z,,, == 2mr,,,  /A > 1.

‘1’hc fillccl circles ill Figure 3 arc valllcs calculated by averaging over (8,9, 32) spatial

c)riclltations  fc~r tllc 1 O-moIloIncr “q’OUChillg” a!;~l’C~atC Collsi Still~ Of tC!tl”ahCCll’Zll  II1011C)1I]CI’S

wi th  7-,,L  =- ().2~p?n a t  ~ = ], 2 aIIcl 20p?n. l’l~cir agrcclllellt  w i t h  rcs~)cctivc v~Llucs for

a sillglc o r i e n t a t i o n  collflrn~s  our gcllcral  cxl)cricllcc with tllc I)DA mcthocl that c.rcjss
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scctiolls  arc not, scllsitivc  to tllc oriclltatiml  for a])proxilnately  cqLli(lilllcllsioll;zl par t ic les .

Furtllcrll~orc  the gco]netric  cross-scctioll  of our aggregates varies with oricntatioll  by < Wfo.

~’lIus we ll:Lvc confidcllcc  ill using absolI)tioll  values for a sillglc orientation to model the

tclll~)craturc  of c.omctmy clust ill tllc next section.

llIC cross scctiolls  Sllowll  ill Figure 3 and 4 share a fcw gc]lcral  features,  which arc

i]ldcl)cndcllt  of ]nolloxncr  shape and size as W C]] as aggregate structure. All curves have a

turn-over point  around x,f~ =- 1, wl]crc x,~f is tllc volulllc-cquivalcllt  size lmranlctcr  for

aggregates and sillglc  tctrahcdrou. TIIc cross scctiolls  are almost flat for xcff > 1, but

cxllibit various slopes at Z,fJ < 1. All ~,C.  /V curves follow A- 2 at lollgcr  wavelength

as cx})cctcd  for li.aylcig]l scattcril]g. Extillctioll  cross sections rcsc]nblc  absorl)tioll  cross

sc.c,tiolls closely sil~cc our aggregates arc Iligll]y absolbillg  ~mrticlcs.

‘1’lIc Cab. /V curve for a single s~)llcrc varies as A- 17 at lol]g wavclcllgth.  ‘1’l~c same

SIOIJC holds for the “Scpa,ratcd” aggregate of S~)}JCICS, for the light interacts ]milnalily  with

tllc individual lnoIlcmlcrs. q’hc “ovcrla])pill~”  aggregate of sl)hc]cs  also yCSCIIlblCS  a single,

b u t  “cffcctivcly”  larger  s~)}lcrc tllall  its collstitucllt  ]nonoxncr.  ]Iowcvcr,  t h e  “rl’ouclling”

aggl’cgatc ~)loduccs  a ICss Steel) Slope> ca~~ ~ A– ‘ . As for tl~c aggregates consisting of

tctra]lcdral  InonoIIlcrs,  the ELbsOl])tiO1l also has a SIO1)C  of ca~. * ~-” 1. So does t}lc absorp-

tion of :L sillglc tctrallcdron. ~ollscquclltly,  tLt A ~ 100~/?n, the tctmllcdlal aggregates ancl

tllc “rl’ouchillg’)  sl)hcrica]  aggregate llavc c. ~, values a factor  of 5 or lnorc hig}lcr than that

Of  a sillglc s~)llcrc.  This difTcrcllc,c  is iln~)oltal~t  for lclatillg  slllmlilli)nctc]  and l]-licl-ixlflzil{>cl

Obscrvat,iolls a,lld for  cstilnatillg t]lc IIIMS of circll)llstcllar  disks froln t h e  sublnillilnctcr
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fluxes. Our result is in agmcmcllt  with that of Bazcl]  and Dwck (1990), but in contrast

to tlmt of Kozasa  CL al (1 992).  The latter didll’t fincl an akmccxncnt  of the infrared flux

for their agf.ywgzitcs  comparccl to a s]herc. Since their a.ggrcgates  were very porous in

strllcturc, rcsc]nbling  lnorc our ‘Lscparatccl” aggregates of s~)hcrcs,  it is not surl)rising  that

tllc scattcling pro~)cltics  arc similar to that of tllc cmlstitucnt  part,  iclcs.

3.2 q’]lc ]’;qui]ibriulrj  !f’c]n])craturc

The ccluilibrium  tempera.turcs of cometary dust aggregates arc calculated by cqLlating

t}lc solar radiation absorbed to the thermal radiation emitted using the fo]]owing  cquaticm:

(3)

Wllcrc r~ = - 1 AU, ~ in AU is the hclioccxltric  clista~lc.c of the dust grain, cab.(A) the

absorl)timl  cross scctioll  of ~mrticlcs,  S(A)  tllc sc~lar flux at 1 AU, ancl IJ(A,  q’) the Planck

fullction  for the emitting particle. ‘1’l]c results calculated for 1 O-]noIion2cr  aggregates arc

shown in Figure  5.

Figure 5

]t is Cviclcllt frc)nl ]“igurcs 3 alld 4 t]lat  a g g r e g a t e  Structulc, lnonoIncI’  Sha])C, aIIC{

size all influcn~cc tllc scattcxing  pro]) crties. q’]lis resu]t affcc.ts  modeling  the  tcmpcraturc

]Jropcrtics  of colnctary  dust. The tcm~)craturcs  ill Figure 5 call bc ulldcrstood  by rcfcrcllcc

t o  CaL3/V, s~)ccifically tllc ratio  o f  ~0~$ at A <  I}1?7L, wl]c)c tllc solar flux is absc)rbcd,

to COL, at 1 - 20~L771,  wl~crc tllc absolbcd  cllclgy  i s  rcradiatccl. IlaIIIlcr  (1 983) Sllowcd
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that al)solbing  s]~llcrcs  of raclius lCSS tllaxl 1.5pm will kc llottcr than a blackbody,  wi th

tcll)])cratlllc  ixlvcrscly correlated with size, allcl wc scc tlmt CaL~ dccrcascs  steeply ill tllc

illfrarccl fc)r sillglc  spheres. Sillcc  the slo])c of c~~, in the infrared is lCSS

aggregates, wc expect that aggregates of sublnicroll  monorncrs will tcncl to

a si]jglc Inonomcr.

When tllc lnononlcm  arc tout.llillg (~mrosity .P % 0.64) or ovcr]appi]lg

tclnl~cratulcs  arc tl)c same as tl]osc of a s~hcrc  with volmnc cquivalcllt  to

steep for the

JC cooler than

(P = 0.3), the

the aggregate,

witllill  * 3Y0. As the nlollo]ncr  separation illcrcascs, t}lcrc  is  lCSS intcyaction  bctwccn

tllcln  allcl tllc tcln])craturcs apl)roac]l tllosc  of a silq$c  lnoIIoIncr. For the case of spherical

lIIcmoII]crs with 3r~,l sc~)aratioll  ( ‘tScl)aratccl” case 1’ % 0.84), the tclnl)craturcs arc 4 —

670 lcnvcr than the lncmomcr  tcln~)craturc. III contrast to tllc spheres, the “Separated”

tctlallcdra I]avc tc)nl)craturcs significantly lower than a sp}lcrical  ]norlomcr zu]ci about

5 – 80/o 10WCI  than that of a sil]glc tctrallcc]ral  InonoIncr. ‘llus, tllc traxlsitioll  bctwccn

tclll~)craturcs  C1OSC to tllc mono]llcr ancl tclnpcraturcs C1OSC to the total volu)nc ccluivalcnt

sl)llcrc  occurs at porositics  > 0.64, rcgarcllcss c)f ]ncnlo IIicr shape or size.

At s]]]all  heliocentric clistanccs,  tl~c l’lanck  fullctiol~ peaks

the flat l)art  of the C’.L,/l~ curve, aud thus tllc tcm~)craturcs

tcll)])cl’zlt,lll’c.

3,3 l)cgrcc of l’olarizatio~)

in the near-infrared, on

alJprozich  the blackbody

~’}lc dcgrcc  of ])olarizatiou  versus ])]]asc allglc 0], = l S OO – O (0 is tile scattering al@c)

C) LSCIVCCI in colllcts  is disp]aycd in 1+ ’igulc G. oll~  sccs llcgativc  ~)olarizatioll  of a fcw pcrcmlt
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llcar  tllc lmckscattcri]lg clircction, a cross-over near OP == 20° and maximum polarization

]+,,a ~ IlcaI’ 01, == 9 0 ° . l’hc negative branch  and crossover point are remarkably con.sistcnt

zimong comets, while p~,,~z can vary bctwccll  0.10 - ().25 (~, CVaSSCUr-]@OU~d et al. ]996).

Figure 6

It is WC1l known that ]jolarizatioll  is stlm)gly  dcq)cndcnt  on tllc shape, as WC1l as the

size a])d refractive il]diccs  of tllc scattclillg  ~Jarticlc.  1]] this scctioll,  wc investigate hc)w tllc

aggregate structure allcl porosity influcncc  t]le ])olarizatioll  and whctllcr  tllc polarization

by slnal] aggregates Icscmhlcs  that ill coll)ets,  Imrtic.ula]ly tllc negative polarizatioll  at

01, <20°.

‘1’0 lnodc] the ral]dolnly  orimltcxl lJarticlcs  in tllc comet collla,  it is IIcccssary  to have

tllc scatteril]g })ro~)crtics  of our imcgular  aggregates avclagcd  over all of tllc ])c)ssiblc ori-

cntatio)ls, i.e., @ : [0, 3600), O : [0, 180°] allcl ~ : [0, 3600). Since wc have limitcxl coul~mting

rcsourccs,  it is ]~cccssa,ry  to know how lnany salnp]e poi]lts are needed to achicvc  the de-

sired accuracy. Tllc a)lswcr to this  strongly de~)clids on the scattcriug propcrticx  ul~dcr

collsidcratioll  as well :Ls olI tllc aggrcgzLi,c collfiguratioll.

111 l)lcviolls  scctiolls, it ]Ia,s bee)]  sllowll that tllc Q cfiicic]lcy  f a c t o r s  a r c  not v e r y

scllsitivc  to aggregate oricxltatiolls,  givcll that  tllc aggregate }las a lnorc or less rallcloln

structure. Ilowcver,  as we turll to tllc ploblmn of polarization, tllc orientation Clcpcnldcncc

Ijccolncs  Coln])lcx and sul~tle. q’llis is cviclmlt  ill I’igurc  7a, wllcrc tllc ])olarizatic)ll curves am

s})ow]l fc)r a sil)glc tctrahcclro]l  with scwcra] s~)atial oriclltatiolls. It is gcuerally  impossible
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to ~Jrcdict the averaged bchzLvior  basccl 011 tllc polarization curve at individual orientations.

Figure 7a, b, c, d.

7’0 investigate tllc llcccssary  IIuII]bcr of sall)plc points for each of tile three oricmtation

angles, wc choose a sin glc t ct rallcdron  bccausc it renders strong irrcgularit  y when posi-

tioned  arbitrarily in space. Followillg tllc lJracticc of the aut,llors of tl]e DDSCAT code, wc

let tllc sa]n])lc points  to Lc dist,ributccl  uuiforlnly  ill tllc range of [0, 360° ) for both /? ancl. #

a,lld [- 1, ]] fOI’ CO.S(8). TU1)]C (nfl,  ?10, ?l~, ) is used to demote that tl,crc am no a,,glcs  cl,oscn~

for ~, no for ~ and nd, for ~. We let  m  =. 1.88 + 0.71i,  A = 0.6//?71 ant] the cquivalcllt-

volu]nc  laclius  r~jj =: 0.25/Lm. ‘1’Ilc sillglc tctlallcdro~l  is rcprcscxltcd  ill aI] array of 10726

di~)olcs,  wl~icll leads to p = Inzl kd =-- 0.3846. Sllowxl ill Figure 71J arc polarizatioll  curves of

(1, l,n~,) wit]] 724) =- 4,8,16,32,64. Curves of (1, 1, 16), (1, 1,32) and (1, 1,64) arc basically

illclistillguisl  lablc  floln  each otllcr. It is sufficient to set n+ = 32 from now 011. ]’rescIltcd  in

l?igurc 7C arc curves for (4, 5, 32), (8, 5, 32), (8, 9, 32), (16, 5, 32) allcl (16: !3, 32) ancl tllc

cliflcrcllccs  bctwccll  (16, 9, 32) and tllc rest am clcl)ictcd ill Figure 7d. It is cwidcllt that

(8, 5, 32) already gives a good co]lvcrgc]~cc  aloullcl 1%. ‘J’}lis killcl of accuracy is sufficient

for OUI curlcllt study. Ill our average calculatioll  of agglcgat,cs,  we usc (16, 5, 32).

‘1’0  fhld out l~ow tlkc ]~ola,rizat,ioll  of aggregates clcpcnds  OII xnoIlolllcr/agglcgate  size,

~)orosity,  Inollo]llcr  slla])c,  and, ]J]ost iln})ort,ant, WIICII t h e  ‘(llcgativc ]~olarization’) will

a])l)car, WC carried out, colnputatiolis  for the two grou~)s of aggregates as dcscribccl ix]

SCCtiOll  2: aggrcg:ltcs  consisting  of 4 XI1011O1I)C1,S  and tl~osc of ] O 111011o1I]c1.s  (Figulc ]). g’],C
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refractive illdiccs  used at A == 0.6~in~  is m = 1.88 + 0.71i fcm glassy carboII,  all absorbing

IIlat,crial typical ill colnctary  dust. MonoIncrs of size T,,L =- 0.25pnt well represent the

substructure ill IDPs. The rcsultallt  polarization curves avcragccl over (16, 5, 32) spatial

oric)lta.tiolls  arc prcsclltcd  ill F i g u r e  8 ancl 9 . Also plotted arc l)olarization  curves of

c(]llcsl)[)l)clillg  Mic S1)lICYCS  wit]] cquivalcxlt  volume, wllic]l arc 011 the right hand siclc. In

cacll  flgurc,  ~)olarizatioll  by a sillglc s~)herc or tctrallcclron  of tllc xIloIIoIncr  size is shown

011 to]) allcl bottom. q’llcsc shall rcprescllt  the asyln])totic  cases of ‘(fully ovcllap])illg”  or

“totally sc])aratccl” , w]lich serve as good rcfcrcllccs  whc]l discussing ])orosity cf~ccts. The

curves for tllc sillglc  tctra,})cdron arc avcra.gcd  OVCI (1 G, 5, 32) too. It Inust bc Ilotccl that

wc were not a?.)lc to obtain the results for tllc “Separated” ag;grcgatcs of 10 InonomcIs,

sillc.c tile IncI:]oIy  rcquirclne]lts  for ccnnlnittil]g SUCII calculatic)lls  a r c  bcyoncl tllc c.a~)acity

of the ~]ay lnachincs  wc USC. ●

Figure 8 ancl Figure 9

k’igurcs  S and 9 snow t h a t  b o t h  ]nollolllcr size ant] sllapc  and aggregate ~)orosity

illflumlcc tllc ])olzu. izatioll. CHcarly, ccluivalcllt volume s])llcrcs arc a poor apl)roximation

to tllc ])ola,rixatioll by aggregates, CVCI1 aggregates of s])llcrical  ]noIloIIIcrs. ‘T1lus, tile old

])1’aCtiCC of Usill~ a, VOllllllC-CCllliVZLIC1lt  COlll])aCt s])hCI’C to I’C1)rCsCllt a l l  a~&’C~atC is not

rcliab]c  for ])olalizatioll  calculations.

A g g r e g a t e  structul’c  tcllds  to ]nutc  the alrl])]itudc of fcatums  SCCI1 in the rnonomcr

])o]arizzLtion.  l’llis is true for both spllcrcs  a])d tctrahcdra  alld is I1lost  e v i d e n t  ixl tllc
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“’Touching;” case. For all 4 of our “’Touching” aggregates, the features arc smoothcxl a,ncl

the tmld is toward a broad maxilnum  of ]),,,.l w 0.5. The mlticipatcd  trend with porosity

is evidcllt  if the curves at the left hand siclc of each figure arc obscrvccl; i.e., polarization

by an aggregate will converge to that of a single compact Inonomcr  as the IIIOI]OIIICrS  in the

aggregate bccolnc  fully ovcrlappil)g  or wiclcly scparatccl.  Our “Separated” case (1’ == 0.84)

diflim  little from a sillglc  nloncnncl.

I’olzirizzLtioll  curves call largely bc ulldcrstoocl  w}lcn O1lC tries to visualize aggregates in

tllc “wavclcllgt]l  way”. The light sccs particles in scales measurccl by its wa,vclcngth. It will

]lot bc able to scrutinize  st ructurcs  II]uch large.r or smaller that its wavelength. This is very

w e l l  rcflcctccl  in tllc polarizatiol~  cumcs.  For “Ovcrlappil~g” ancl “1’ouching”  aggregates,

tllc light sccs ]norc or lCSS a compact palticlc  with larger size. ‘1’hat is why more oscillatory

features arc sccl] in the ]Jc)lalizatioll  culvc.  }Yllcll  conlillg illto “Sc~)aratccl”  aggmgatcs,  the

light can IIot bc foolccl allcl sees t}lc illtcrs])acc  bctwccn  ]nc)llcnncm,  thlm view t}lc total

agg;regatc  ZLS all cnsclnb]c  of Inollomcrs.

If tllc nlonolucrs  arc tctrahcdra,  the ])olarizatioll  curves of aggregates seem to bc

slllootllcr  tllall  those of aggregates wit]] s])llcrical Ino)]oIncrs. ‘1’his is ~mobably because ag-

gy”cgatcs cc)llsistillg of tctrallcc]ral  InonoIncrs ]Iavc Inorc irrcg;u]arity ill stmctulc. ‘J’}lis kincl

of irregularity has a dilllcllsioll  ill tllc range of tllc light wavclcllgth  ancl makes ]loticcablc

Colltributio]ls  to ])c)larizatioxl, w}lich lcacl to really, but tiny, oscillatory features. The llct

lmult c)f this is ax] ap~Jarclltly sxnooth ])olarizatioxl  curve.

‘J’l]c l]ulnbcr  of InOIIOInCrS ill agglcgatc  coIncs into ~)lay via contributing matcria].
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IJargcx  ]lunlbcr xncans lnorc nlatclial  ill a g g r e g a t e ,  tllusj  a bigger lJzuticlc, resulting ill

fctit~lrc-ztbulldallt polarizatio]l  curve. Onc illtcrcstillg thil]g to xlotc is that, ill Figure 9, the

])olarizatioll  curves of “rl’ouclling)’ aggregate show a relatively sharp feature aroulld O == 30

for both of s~jhcrical alld tetrahedral types. Wc firstly suspcctcd  that there might bc a flaw

in tllc I)DS~AT code. After  col~lparillg tllcln  with corrcs~mldilg OIICS of c(luivalcxlt-vol~ll~lc

Mic Sl)l)crc, wc were much collvillccd  that this is Ilot artificial. q’llis ]lcar-forwarcl-dircctiml

fcatllrc sccII]ly has solnctllillg  to clo with tllc st]uctulc of aggregat,c  rat]lcr tlmll tllc shape

of il]dividual  lnonomcr,

So]nc calculatio]ls  have bcc]l  clollc for r,,, =- 0.5p7r~. q’hc results for 4-lnolIolncl  “Touch-

;Ilg” aggl.cgat,cs  arc SIIOVWI ill 1<’igurc 10. WC llavc used the saIIlc dil~olc 2Lrrays as in the

CdC. U]tLtiOll Of r,,, = 0.25~L?71,  wllicll IIavc allcady  rcacllcd  tllc u]q~cr lixnit of memory size

oll tl)c CIray nlacllillcs  accessible to us. onc collccrn  IIcrc is whether the computational

results at this ]llonolncx-  sim can bc trustccl  sillcc the value of p == Im [ kd is now aroulld

1. Ilcllcc ollc lnorc  calculation] was pcrforlnecl for the 1 O-slJ}lcrical-lllollolllcr  “’l’ouchin$;”

aggregate at lnol]omcr  size ?.J,L = ().2~~l??t,  using a di~)o]c array with nuInbcrs  halved ill

cac]] sl)atial  clil~lcllsioll  (p == 0.9861 ). TIIC ])olarizatioll  curve is ]Jlottcd  togctllcr  with the

Ollc obtaillccl  by full size clipo]c alray  (p L () .4934) ill 1+’ig~lrc ] 1. llotll  CUIVCS arc sl)atial

olicllt,atic)ll avcra,gcs over (1, 1, 64). q’l]cy follow each Otllcr closely wit]l a gcllcral  dcviatic)n

1(!ss t]ltlll 0.05. ‘Thus Wc arc CO1lfidCIlt  to llsc 1+’igurc 10 for r,,, =-. 0.5p7n  ill our discussic)ll

of the gcnm”al trcllcls.
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Figure 10 and Figure  11

13 y coln~~arillg Figure  10 with Figure. 8 of t}lc S-MI)C aggregate, wc scc strol~gcr dcviatiol~

cause by lnonomcr  sllapc  at lar,gcr  aggregate size. l{’ollowing our argulncnt  in lmccccling

paragraphs, the 4-tctrallcdral-ll~  ol~olllcr ag~;rcgatc  of r,,, = 0.5pm seems to have larger

irregularity as seen by light of A =: O.GpTn tllall  that of r,,l == ().25~im. Sillcc  the scale of

wavclmlgtll and partic]c size arc xnutual traljslata.blc,  wc suggest that irregularity is likely

Wavclcllgth dcl)cmlcnt.

Clca]ly,  none of tllc above curves for absorbing aggregates exhibits I]cgativc  polar-

ization IIC:Lr  the ba,ckscattcr  dircctio]~ like the colnet dust does. Since dielectric mate-

rial like silicate is able to proc]ucc  larger Ilcgativc  polarization, wc also com~)utccl  cases

f o r  si]icatc  ]natcrial with In = ] .65 -i ().()]i. Shown in Figure 12 arc the ])olarization

C. LU.VCS for the 4-s~)]lclical-lllol~oxllcr  and 10- tetrahedral-lnonomcr “rI’ouching”  aggregates

wit}] T7r& = 0.25}L7n.

I’igurc 12

‘1’hc 10-tctrallcclral-lllol~  olllcr silicate aggregate bcgi]ls  to rcscmblc  the comet dust

])olarization,  with s]na]l positive po]ariza,tio]l over Inuch of t]lc range and I]cgativc  polar-

ization at ~)hasc angles < 40° . ~’hc polarization of the aggregate is quite clifl’crcnt  from

that of an cquivalcllt  volu]nc s~)hcrc,  which cxllibits strollg  rcsollallccs  MICI large negative

~lolarizatioll. It is qualitatively silnilar  to t~lc slnal] dcglcc of pO]ELl”iZatiO1l  rllcasured by
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Gicsc  et al. (1978) for a fluffy particle with m = 1.5, size paralnctm  = 20. Com~mring

tllc absort~illg and silicate aggregates, OI]C sccs that there is ~Jlcllty of space to create  a

polarizatic)n curve lnorc  closely resclnhling  the colllet  polarizatioll  by Inixillg  Carbonacccms

md silicate material.

Shown in Figure 13 is all example for the 1 O-t}ctrzillcdral-]lloxlolllcr “’1’ouchil@’  ;ig-

grcgatc with r,,, == 0.25pn2. The ratio of carbonaceous to silicate aggregates is 5.75, in

orclcr to give Ioughly  cqua.1  contributions to tllc scattcrcd light, ancl wc have computed the

wcigldml average. Clearly, this ]nixturc  gives rcasolmhle  fits to both  the Ilcgativc  polar-

ization of a fcw perccllt near the backscattm clircctioll  and moc]eratc positive ~Jol:Lrization

]Jcakccl  around Of, = 9 0 ° . Our result is consistent with the cviclcncc  from lDPs and from

tl]c }JaJlcy  dust com~)ositioll  allalyzcr  (Kisscl  ct al 1 986)  that colnct  clust is a mixture of

both  carbonaceous and silicate lnatcrial.

Figure 13

3.4 l’l)a.se l’ullctio]l

l’hasc functions of our two glou~>s of aggregates arc clis~)laycd ill F’igurc  14. ~olIl-

])utatiollal  paralnctcrs are the sa]llc as those ill the ])rccccling section, Ilalncly,  lnollolnel

Slzc r,,, =- 0.25pm and m = 1 . 8 8  +- 0.71i at A :- 0.6p7n. WC have followed the dcfhlitiol”l

of ])hasc function in l~ohrcn and Huffma]l  (1983) as p = &c; ‘$& , whcm tllc differential

scattering cross section 4!!~m =- $? and S1, is the fl]st  clcmcnlt of tllc scattering lnatirx.
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Figure 14

CHcarly phase functions exhibit less variations with regard to aggregate structure, size

and monomer sha]m. Structure in the ])hasc fmlction  at illtcmnccliatc  scattering angles,

characteristic of tllc scattering by sillglc S1)IICICX,  is slnoc)trhcc] out for the agglcgatcs.  For

aggregates of the same s])atial  structure but clificrc]lt mollomcr  sllapc,  their phase func-

tions  arc very silni]ar. q’hc wicltll of the forward scattcrillg lobe is rclatccl  to tllc total cross

sccticm of tllc aggregate, rathcx  thml to the size of the Incmorncrs,  i.e., 10-mollomcr  aggre-

gates have uamowcr but stronger lobes tl~al~ 4-lnollolncr  aggrcp;atcs  having  t}lc salnc  size

IIlcmolncrs  and the forward scattcrin.g  lobe is broader for the ovcrlap~)ing aggregates than

for the ‘(rl’ouclling’) or ‘( Scl)aratccl”  aggregates. For tllc “Touchil]g” and “Separated” aggre-

gates, all cc~uivalcllt-vc)  lulnc s})hcrw CIOCS ]lot match the forwarcl  scattering; all ccluivalcxlt

area s~~llclc would bc ZL better a]}proxil~latioll  (e.g. West 1991).

For the aggregates of absor-billg material as above, wc find very little increase ill the

])ha,sc fmlctioll  near tllc backscattcring clirectioll; the ratio 1(1 80°)/1(1500) is, at most, 1,2.

~’llis contrasts wit}~ the colnet  p})ase ful~ctioll, where tllc rise froxn 150° to 1 SOO is about a

factor of 2 (Minis et al. 1 982).  It also colltlasts witl] tllc laboratory Incasurclncnlts  of t}lc

scattering by solllcw~lat ]argp absorbillg  aggrcg;atcs, size ])aramctcr  20- 30 (Hallllcr  et al,

1981; Gicsc  ct al. 197 S), which exhibit a Imcksc.attcri]lg  rise of a factcm -1.7.

Silicate spllcrcx  sl~ow a strm)g backs  cattcr rise. Yet, t}lc lnczLsurccl ])hasc fmictiolls  for

aggcgatcs  with m U- 1.5 a]~d z % 20 are flat (Gicsc et al, 1978; Ilallxlcr  ct al. 1981 ). l{’igurc
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1 5  ~Jlcscllts our corn] )utccl ~)hasc fullctioIls  for “’Touchillg” aggrcgatm  of 10 tctrallcdral

si]icatc  moxlonlcrs, m == 1.6~ +  O.Oli  a]lcl r,,, =- ().2~/Lnz. The ratio 1(180°)/1(1500) is 1.4,

larger than that of absorbing aggcgatcs.

Figure 15

Figure  16 is the plmsc fu]lcticm  for the lnixturc of carbo]l  and silicate aggregates as in

l“i.gurc 13. It also shows a rise near the bac.kwarcl  clix-cction. The ratio 1(180°)/1(1500) is

arc)ullcl 1.4 too. ‘Thus, this Xnixturc. c.aII give all al~~)roxilnatc match  to both the ~)c)larizatioll

a!lcl ]Jllasc fmlction  at large d for tllc ccmlct ary clust.

1+’igurc  16
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4 Conclusions

III this paper, we have iljvcstigatccl  scattering properties of aggregates, cm])hasizillg

tllc size of constituent monomers comparable with the wavelength of visible light. This

}las clifkrclltiatcd our s~udy froln ]jrcviolw investigations of aggregatm  in which the size

of tllc InoIlomcm was much smaller than  the wavelength. Our maiu motivation has been

to ]nodcl tllc scattclil)g  pro~~crties of colnctary  dust analogs. ~olnctary dust partic]cs

arc cx])cctcd to be aggregates of compact grains a few tenths of a micron ill cliamctcr,

based on t}lc structure of chollclritic  aggregate lI)Ps. Our results arc also relevant to other

a,stro])hysical c]lvironmcnts  in which graill growth by aggregation has occurrccl,  such as

acc.1.ctioll  disks sulloulldillg young stellar objects.

AbsorI)tioll  cross sections of the aggregates tclld  to have lCSS steep slo~)cs towarcls

lollgcr  wavelength, ~. ~,. w A--]. ‘1’hc stcc]mcss,  Ilowcvcr, is illflucllccd  by aggregate struc-

ture  allcl IIlouoIncr sha])e. “q’ouchillg’)  aggregates  (1’orosity N 0.6) appear to deviate the

Illost froln ccluivalellt volume s])hcrcs. All irregular monomer shape like a tetrahedron also

lllakcs  the slo])cs of the agyycgatcs much flatter. ‘1’llis leads to all cn}lallcclncllt  of absorp

tioll at A > 100~17n, Wllicll has a clircct ilnplicatioll  ol~ cstilna.ting  the mass of circumstcllar

disks frolll the observed subxllillilllctcr  flux.

Tllc clif~crcllcc ill tllc absorl)tioll  by aggregates from that of colnpact  spheres alsc)

aflkcts  lnoc]cllillg tllc cquilibriu]n  tcln~)crature of colnctary  c]ust in t}lc solar radiation  field.

Aggrcg:Ltcs  of cziI’lJcjIIilccc)~ls  Inaterial  arc cooler than  the individual IIlo]Iomcrs, bccausc  ~hc

aggregates la,diatc  JnoIc  cfficicrltly  ill t}]c illfraJcd.  IIut, wllml tllc porosity is high, (N 0.8
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or Ilighcr)  tllc temperature will be C1OSC to the xIIoIlomcr tcln])craturc.  ‘1’hcsc results arc

also alq)licablc  to cletcrlnining  the tcmpcrat,urc  versus clistancc  froln tllc ccntml star in

accretion  disks or clcbris disks such as /? pictoris.

Cknnctary dust produces negative polarization of a fcw pcrccmt  near the backscattcr

clircction. Wc have scarchcd  for negative polarization near the backward direction for

a range of aggregate

orientations to make

size and structure, takillg  cam to average over a large number of

tllc moclc]ling  results reliable. It is cviclcllt  from our colnputatiollal

lcsults that the olcl practice of using volllxllc-cqllivalcllt  s~~}lcrcs  to rcprcscxlt the ~)olarization

by aggregates is ]Ilis]caclillg alld, Illost of tllc tilllc,  crrollcous. l’}lc polarization is scusitivc

to tllc slla])c  al~cl size of tllc collstitucllt  II1OI1OII1CIS as WC1l as to the fine structure of the

agglcgat  c.

GclIcrally,  aggregates of hig]lly absorbing lnatcrial proclucc stroxlg ])ositivc  ~)olarization

al’ou Ild 01, = 90° ,  but  110 Ilcgativc  ~~o]arizatioll  xlczLI’ t h e  b a c k w a r d  dilcctioll. 011 tllc

coIit,rzLry,  silicate aggregates arc tllc lllajor  SOUICC of strong  negative I)olarization  at larger

sc.attcril]g  allglcs.

and tllc resultant

c.olncts (Figure 6),

arcnuld PI, == 90° .

rcasollab]c  rise of t

Wc have bccII able to nlix the aggregates of both czLrbon  and silicate

})ol:Lrizatioxl  curve (Figure 13) largely rcscmblcs  tllc obscrva.tion for

especially the negative ])olarizatioll  at 0]) < 20° and the maximmn  lmak

The same mixture of carbonaceous and silicate aggregates also gives a

,}~c pllasc fullctioll  xlcar tllc backward direction, which is collsistcllt  with

Lot]) c)bscrva,tiox) and cx])crilncl)t.

~’llus, wc find that aggrcgzLtcs with collstitucxltl JIlcmoIncrs a fcw tcllths of a micron in
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size a.ncl wit]] intcmncdiatc  porosity (w 0.6), as rc~mscntcd  by our “Toucllillg”  aggregates,

alc a reasonable analog for colnei  ary cl List. ‘1’lmt is, the chondritic  aggregate 1111’s thought

to originate from coxncts  arc generally collsiste]lt  with the observed scattering properties

of cometary clust.
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Figure captions

Fig. 1. 1 O-monolncr aggregates rc]msclltcd  ill di]mlc arrays.

Fig. 2. W~~velcllgt}l-clc]  )cxlclcllt refractive inclicm for glassy carbon  (lkloh 1983).

Fig. 3. Cross sccticms ~Jcr volume versus wavclcllgt]l  for 10-moIIomcr  aggregates of glassy

carbon. TJ,L == 0 . 2 5 p m .  ( a )  Cabs/V,  (b) C3Ca/V,  (c) CCTt/V. k’or clctailcd  clcscription  o f

various sylIlbols,  please see tllc text. The curves for aggregates of tctrahcch”al  Inollolllcls

a,ncl a single tctrahedrcm  have been shiftccl by a factor of 100.

Fig. 4.

Calboll  .

l’ig. 5.

Cross sections per volu]nc versus wavelength for 1 O-xnonomcr  aggregates of glassy

r -- 0.5p7n. (a) C’abS/V,  (b) C, C o/V, (c)  Cert/V.7)1  —

Equilibriu]n  tmnpcraturc  ]nodcllccl for 10-Incmomcr  aggregates. (a)  r,,, = 0.2511?T1,

s~>}lcrical IIlonoIIlcr;  ( b )  r,,, =. 0.25p?n,  tctra~lcclral lllcnlomcr;  ( c )  r,,, =  0.51L~~t,  sl)llCl”ical

I1IO11OI11C1; (d) r7,1 = 0.5} L7?Z, tCtlahCdl’al IllOllO1llC1’. Sllcni dasllcd lillc: Ovcrla]qJillg,  Ixmg

clashccl  lillc:  Touching) Dash-clot line: Sc~)aratcd, ‘1’hin solicl lillc: Sillglc sphmc, ‘J’hick

solid lillc: Single tctrahcclron,  l’hin solid lille with “1]1~”:  llhtckbody.

l“ig. G. Observed degree of polarization] ill co]ncts. ],CVilSSCllx-]{C~ OLll”C] et al. ] 996

l“ig. 7 .  I)cgrcc  o f  ~)olarizatioll  for a sillglc tctrallcclroll.  m =. 1.88 - t  0 . 7 1  i, ref~ =

().2~/L?”n (a) at a few oriclltatio]ls  sclcctccl  randmn]y;  @) avcragcc]  over cnlly # al@c;  (c)

averaged over ~, 6 and @ angles (d) difference bctwccn  (16, 9, 32) oricntatious  and the

other averages.

}“ig. 8. Dcgrcc of  polarization for 4-mcnLolncl aggrcgatm

glc InoIloIncY  and c(ltlivalcllt-vol~llllc  spheres. McH]cMncr size
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curves for aggregates and sil]glc InoIlonlcr; ltig}lt cc)luln]]: curves for cq~livalcllt-vol~llllc

spllcres,  l]umbers  labeled arc c[lllivalcllt-vollll]lc  radii.  (a) spllcrica]  moIlomcrs;  (b) tctra-

hccll”al  InoIlc)IIlcrs.

l“ig. 9. Silnilar  to l?igurc 8, but for 10-moIloII]cr aggregates. Monolncr  size r,,, == 0.25pm.

(a) s]~hcrical mo,~on~crs;  (b) tctral,cdral monomcm.

Fig. 10. Degree of polarization for 4-I1 1OIIOIIICX “’1’ouc.llil)g” aggregates comI)arccl  with

that of ccltlivalcllt-vol~lll~c sphere. MoIlomcr size r,,, == 0.511Tn.  (a)  spherical mcnlomcr;  (b)

tctl’allccll”al  InoIlolllcr.

]Pig. ] ] . Comprison  bctwccm  dc!grccs  of ~)olal’ization calculated for different p == [?nlkd

values for 1 O-s~~llcrical-lllollolllcr  ‘K1’ouchiljg>) aggregate. m == 1.88 + 0.71i, A L 0.6~~m  and

r7,, = 0.25jL7n.

l’ig. 1 2 .  Dcgrcc  of polalizat,ioll  f o r  silicat,c “rl’oucllillg” a~glC~atCS ZL1ld all CqUiVZdCllt -

VOIUI1lC s~)llc!rc. MOIIOmCr s i z e  r,,, = -  0.25~Ltn,  772 =. 1.65 -t O.oli  and ~ = ().~~l?~.  ( a )

4-s~Jllcricz\l-l  r~ollol~lcr aggregate; (b) 10 tetra,}lcdral  xnoIloIncxs.

l“ig. 13. Dcgrcc of I)olarization  averaged for silicate ancl carbol]accous  10-tctrahcclral-

lllollolIlcr  “Touching” aggregates. Carbon: Silicatc = 5.75.

}“ig. 14. Phase function for 4-1 IIo11o111c1’ alld 1 O-lnono)ncr  agglegatcs.  r,,, = 0.25}Inz,

~rL ~ 1.88  -1- ().71i.  Solic]  lillc: sl)l]cric,al  ]Ilo Ilol Ilcrs; d o t t e d  lillc: tctlahcclral ]nonomcrs;

dasllcd ]incs: cquivalcllt-volume sphere.

l“igo 15. ]’hasc fmlction  for silicate 1 O-tctfral]c(lral-lllolloxncr  aggregate.  r,,, =-= 0 .25pm,

m. =.. 1.65  -I O.Oli
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F’ig. 1 6 . ]’hasc  function for a lllixtmc of silicate and carbol]accous  10-tctrallcdxal-

1I1OI1O1I1CI aggl’cgatc.  ?“T,t = 0.25/1771.
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‘lhblc  1 l)arameters  of Aggregates for Cross Section Calculation

Aggregates of 10 spherical InonomcrsEZEi:~‘E- :~
Ac,mccatcs  of 10 tctrahcdra,l  ]nonomcrs_._, ., L.

Agg-rcgatc

OvcrlalJ]>illg
!l’ouchi]lg

Scparatccl ID/7”,r, Na N,r, N1<; I ’ ‘eff

1 4179 744 8144 0.49 0.8888
2 (.3395 645 20672 0.69 1.0077
3 6413 641 44720 0.s6 1.0077

l): ~cl]tcr-cclltcr dist,ancc bctwccn  the surrcmllcling lIlonolncr  allcl tllc ccutral  o n e .
I“T, L : c(lllivi\lcllt-vollllllc  raclius c)f ]nc)]]o]ncx.
N,,: N~l]I~lJcr of dipoles in aggregate
N,,, : Nulnbcr  of clipo]cs pcr mollolncr
NJ;: NuInbcr  of clil)olcs ill a big ilnaginary  spllcrc  cllclosil]g  aggregate
1’: l’ol.osity  clcfinccl  as I-N. /Nlj
IC f f: Eclllivzilcllt-vol~llllc rtLclius of aggmgatc  with r,,, = 0.5~1nz



Tal)lc 2 l’aralncters  of Ag~rc~atcs  for Degree of Polarization Calculation
~=. 0.611?11,  m=: 1.88 +- O.71i
1,,, : O.~~IITIt,  z,,, =. h,,, Z- 2.61799

F-
Tetrahedral M

Aggrcgak
Ovcrlar,ping

‘1’ollching

lLrQHKcmi-
11/7’,,,

1.0
2.0
3.0

No I Extcnt(Extcmdcd)  [ ‘r~jj ] Xejj [ p]—— _—..
15536 49X46X44 (50X48X45) 0.3592 3.76111 0.4883
21016 64x60x52 (64x60x54) 0.3969 4.15581 0.4878
20883 76X74X61 (80X75X64) 0.396’3 4.15581 0.4952——- ——.—.—— —

10 Sl)llcrical h~ollotncrs

..n

——..——
A~~rc~atc

——
ll/r,n

No ,------ ~xte,,t(~xte,,~cd) I r.ff I Xejj 1 - ~1—.
Overlal,],irlg 1.0 ‘“ 31456 41X41X40 (45x45x45) I 0.4440 I 4.65375 0.4776 –

‘J’ouclling 2.0 50786 58x59x62 (60x60x64) 0.5386 5.64030 0.4934— —— — —

D: Ckilhx-cc[ltcr  clistance t,etwec~l  tlic sL1rrou[ldill~ ~llonorllcr and tlIC ce~itral onc
r,,,: l;(lllivalcrlt-vol~ll]le radius of rnonorncr
N“: NuIIllJcr  of dir)olcs  in aggregate

l+;xtcrlt:  Extcllt of aggregate in 3-dirncnsiorial srjace
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